Abstract: We present a simpler and novel design of a six-band terahertz perfect metamaterial absorber (MA) composed of a metal U-shaped closed-ring resonator, a dielectric spacer, and a metal back plate. The numerical simulation results demonstrate that it can perform absorption peaks at six resonant frequencies whose peaks average 97.3%. The physical mechanism of the proposed MA is explained by the multipolar plasmon resonance of the structure, thus making the structure very easy to fabricate. Furthermore, the sensing performance of the absorber is analyzed in terms of the overlayer.
Introduction
Since the first perfect absorber composed of metallic split ring resonators and cutting wires was experimentally demonstrated by Landy et al. [1] , perfect metamaterial absorbers have recently been developed in microwave [2] , [3] , terahertz (THz) [4] , [5] , infrared [6] , [7] , and visible band [8] . The development of the device is especially attractive for THz frequencies because a strong absorbing material is generally unavailable in nature in this frequency band. Such absorbers show potential applications in many fields, such as THz imaging, signal detection, and dielectric thickness detection sensing. Some works have designed and fabricated THz metamaterial absorbers and realized perfect absorption. Unfortunately, these efforts share the common disadvantage of single-band absorption. Obviously, the single-band high absorption is inapplicable in some areas. Therefore, the research on broadband or multi-band high-performance metamaterial absorber (MA) is necessary. Later, some improvement works were followed to make dual-band [9] - [12] , tri-band [13] , [14] , multi-band [15] , [16] , and broadband absorbers [17] , [18] .
There are two main approaches to increase the number of the absorption peak or to expand the absorption bandwidth of the metamaterial-based absorbers. One is using single-layer structure with two or multiple resonators in a super-unit, and the other is utilizing multiple vertically stacked metallic layers to realize multiband absorbers. For example, Huang et al. [19] , Shen et al. [13] , Wang et al. [20] , and Cao et al. [21] presented the multi-band absorbers based on multiple different-sized sub-unit elements in a coplanar super-unit structure. Zhu et al. [22] , Hu et al. [23] , and He et al. [24] demonstrated the broadband absorbers by stacking multiple different sized metallic patterns. However, both of these structures are very complicated, imposing considerable restrictions on both design and fabrication. Moreover, most of them are dual-band or triple-band absorption, resulting in a lack of sufficient progress in fabrication of multi-band (larger than threeband) absorbers. Very recently, Wang et al. have presented five-band perfect absorber based on three nested split-ring resonators in the THz region [25] . Each split-ring corresponds to two resonant frequencies, and the physics origin of the absorption arises from the interaction of three nested split-rings. They have also utilized a four-gap comb resonator to be realized a five-band THz perfect absorber. Such multi-band absorber is mainly resulted from the LC resonances with dipolar response and the high-order resonance of the structure [26] .
To add new information in the area of MA, we suggest another simpler and novel design of multi-band THz MA which is composed of a simple U-shaped closed-ring. By the suitable arrangement and the proper parametric study, we achieve the absorption conditions for six separated absorption bands whose peaks average 97.3%. Compared with the previous reported multiband absorbers [16] , [25] , [26] , the proposed absorber has several advantages: First, and most importantly, the U-shaped closed-ring is the simplest structure to realize six-band absorber and thus solving the problems of both the large unit size and fabrication. Second, the working mechanism of the proposed absorber is originated from multiple plasmon resonances (fundamental resonance and high-order plasmon resonances), making the resonance mechanism has a new novelty. Lastly, the proposed absorber utilizes the overlapping of the different resonance modes of the single U-shaped closed-ring structure to obtain six absorption peaks. Such a simple device may provide a desirable absorption method and operation to select the frequency band at THz frequencies and, thus, lead to most practical applications.
Structure Design and Method
The proposed six-band THz MA consists of a U-shaped metallic closed-ring and metallic ground plane separated by a dielectric layer, which locates on a 500-m-thick silicon substrate, as shown in Fig. 1 . The optimized geometry dimension parameters of the unit cell are as follows:
The thickness of the dielectric polyimide layer is set to t 2 ¼ 17:5 m with a refractive index constant of 1:68 þ i0:06 in order to optimize the impedance matching to the free space [5] , and then, the thickness of the metal copper layer is t 1 ¼ 0:5 m with a frequency-independent conductivity of ¼ 5:8 Â 10 7 S/m [27] . Our results are obtained by employing the commercial finitedifference time domain (FDTD) software package (Lumerical FDTD Solutions), where the period structures are illuminated by a normally incident plane wave with the electric field parallel to the y -axis. A perfectly matched layer (PML) is used along the z direction and period boundary conditions are chosen for x and y directions. The absorption A is obtained by using
where T is transmission, and R is reflection. The transmission is zero because the thickness of the metal ground plane (0.5 m) is much larger than its skin depth, and the absorption is then calculated by using A ¼ 1 À R. Perfect absorption may be achieved when R is close to zero [i.e., the impedance ðz ¼ 1Þ matches that of free space].
Results and Discussion
The absorption spectra of the proposed six-band MA are displayed in Fig. 2 . In the simulated results, we can clearly see six absorption peaks at 0.72, 1.62, 2.28, 2.98, 3.41, and 4.27 THz with absorption of 90.6%, 98.9%, 99.8%, 99.5%, 99.6%, and 95.5%, respectively. We label the six resonance absorption peaks (from low-to high-frequency) as the modes f 1 , f 2 , f 3 , f 4 , f 5 , and f 6 , respectively. The large light absorption of those six resonance peaks is attributed to the overlapping of the dipolar resonance and high-order response of the patterned metallic structure, and understanding of such a six-band absorption mechanism is illustrated by investigating the electric field distributions at those six resonance frequencies (see Figs. 4 and 5 below). In addition, it should be noticed that the proposed structure is sensitive to polarization state of the incident light due to the asymmetric of the structure.
Next, we investigate the origin of loss to understand the contributions of each part of the MA. The absorption spectra of the proposed MA under two different loss conditions (lossy and lossfree) of the dielectric layer are shown in the inset figure in Fig. 2 . It can be seen from the absorption spectra that the absorption peaks positions are unchanged by changing loss conditions of dielectric, which agree well with the previous results [26] . Furthermore, the simulation results also demonstrate that the majority of the energy is dissipated as dielectric loss in the dielectric layer and only a little bit of the energy is dissipated as ohmic loss in the metal layer. This makes it less sensitive to the conducting properties of the metal layer and could have great application prospects in some fields where the electromagnetic energy needs to be collected by the dielectric layer.
Here, we discuss the effect of the thickness t 2 on the absorption spectra. Fig. 3(a) shows the absorption spectra with the size of t 2 from 16.5 m to 18.5 m. From the picture, we can find that the modes f 4 and f 5 obviously appear a red-shift which drifts to lower frequency. By contrast, the parameter t 2 has little effect on the other modes. The absorption of all the modes are almost changed with the increase of parameter t 2 except the mode f 6 . The period of the absorber is also one of the critical parameters controlling light absorption. The electric and magnetic fields in the unit cells are strongly influenced by the dimensions of the absorber. we discuss the effect of the period p on the absorption spectra. Fig. 3(b) shows the absorption spectra with the size of p changed from 65 m to 75 m. It can be seen from Fig. 4 that the modes f 3 , f 4 , f 5 , and f 6 drift to low frequency when changing the parameter p from 65 m to 75 m. On the other hand, changing the parameter p make the mode f 1 drift to higher frequency. But it has little effect on the mode f 2 . From Fig. 3(b) , we can also see that the absorption of the first five modes remain nearly unchanged when changing the parameter p. Based on the above analysis, the absorption frequencies are sensitive to the structure and material parameters. We could modulate the absorption frequencies by changing these parameters. All changes of the parameters almost only affect the shift of the resonant frequency. The absorber still remains high absorption characteristics.
To understand the underlying mechanism of the six absorption peaks, we investigate the calculated electric field distribution in the interface between the top metal layer and the dielectric layer corresponding to six absorption peaks in Fig. 4 . It can be seen that the electric field is concentrated mainly at the inner edges, outer edges, and corners of the U-shaped ring. For example, the electric field of mode f 1 is localized mainly at outer edges and corners (upper and lower sides) of the U-shaped ring [see Fig. 4(a) ]. Similarly, for the other modes, the electric field is accumulated at not only the upper and lower sides but also the left and right sides in the structure [see Fig. 4(b)-(f) ]. From the distribution characteristics of the electric field, we can see that different orders of localized surface plasmons are excited at these resonant frequencies [28] , [29] .
In order to verify these high-order localized surface plasmons, we show the normal component of electric field [real ðE z Þ, in the interface between the top metal layer and the dielectric layer] distributions corresponding to the above mentioned six resonant absorption peaks in Fig. 5 . As shown in Fig. 5(a) , it is clear that opposite charges accumulate at both sides of the U-shaped ring (upper and lower sides), indicating excitation of dipolar resonance in the patterned metallic structure. Similarly, the patterns in Fig. 5(b), Fig. 5(c) -(e), and Fig. 5(f) , present quadrupolar, hexapolar, and octupolar resonances, respectively, which correspond to natural of localized surface plasmon behaviors [30] . Note that the excitations of propagating surface plasmon also contribute to the formation of the high-frequency absorption peaks (modes f 4 , f 5 , and f 6 ). In other words, the high-frequency absorption peaks (modes f 4 , f 5 , and f 6 ) originate from the coupling between high-order localized surface plasmon and propagating surface plasmon. Therefore, based on the combination of the propagating surface plasmon resonance and high-order localized surface plasmon response of the patterned structure, six-band MA is obtained. This suggests a new way to obtain the multiband MA by integrating different resonance modes in a single patterned structure. Compared with previous reports by only combining the fundamental resonance of metamaterial structure to obtain the multiband response, the proposed structure utilizes the overlapping of the different resonance modes of the single patterned structure. Therefore, the proposed absorber structure is simpler and easier to be fabricated than previous structures.
To further understand the THz absorption behavior of the proposed six-band absorber, we also give the simulated power absorption distributions for the U-shaped metallic closed-ring structure, as shown in Fig. 6(a)-(f) . From these plots, it is clear that the majority of the energy is dissipated as ohmic loss in the U-shaped metallic ring. The regions of maximum absorption loss mainly occur around the outer and inner edges of the U-shaped metallic closed-ring. Hence, it can be concluded that the localized surface plasmon resonances play an important role for the high absorption at the resonant frequencies.
The proposed six-band absorber can also be used for sensor application by adding a dielectric layer on the top metal layer of the absorber. Fig. 7 shows the calculated results for different thickness of the over-layer (all other parameters of design and simulation are remained constant). We can find that the six resonant frequencies are all red-shift gradually when increasing the thickness of the over-layer. The reason of this red-shift can be explained by the variation of the capacitance of the overall structure. The increment of the thickness of over-layer leads to increase capacitance; therefore, the resonance frequency shows red-shift with the increase of the over-layer. Interestingly, the frequency decrease speed of the modes f 5 , and f 6 are larger than that of the modes f 1 , f 2 , f 3 , f 4 [see Fig. 7 (a1) and (a2)]. Specifically, when the thickness of the over-layer increased from 0 to 4 m, the frequency shifts of the modes f 1 , f 2 , f 3 , f 4 , f 5 , and f 6 are 0.08, 0.15, 0.12, and 0.11, 0.24 and 0.21 THz, respectively. In other words, the six-band spectral sensor, in particular the modes of f 5 and f 6 of the structure, could provide a high thickness sensing if a high-resolution spectrometer is used.
Conclusion
In conclusion, we present a simpler and novel design of six-band terahertz perfect MA composed of a U-shaped metallic closed-ring and metallic ground plane separated by a dielectric layer, which locates on a 500-m-thick silicon substrate. The structure not only provides a simple unit cell but also apparently decreases the stacked layers, which are required for the sixband application. Six distinct absorption peaks are observed at 0.72, 1.62, 2.28, 2.98, 3.41, and 4.27 THz with the average absorption over 97%. The mechanism of six-band absorption originates from the multipolar plasmon resonance response of the patterned structure, and understanding of the multi-band absorber is illustrated by investigating the electric field distributions at six resonant frequencies. Moreover, the roles of the parameters are investigated to explore the sensing performance of the absorber.
